Reconstitution of the T-cell compartment after bone marrow transplantation depends on successful colonization of the thymus by bone-marrow-derived progenitor cells. Recent studies compared the development of syngeneic and allogeneic bone-marrow-derived cells in cocultures with lymphoid-depleted fetal thymus explants, leading to the discovery of MHC-linked syngeneic developmental preference (SDP) in the thymus. To determine the nature of cell interactions among the bone marrow and thymic elements that might underlie SDP, we analyzed this phenomenon by mathematical modeling. The results indicate that syngeneic mature T cells, responsible for inducing this preference, probably interfere both with the seeding of allogeneic bone-marrow-derived thymocyte progenitors in the thymic stroma and with their subsequent proliferation. In addition, the possibility of augmented death among the developing allogeneic thymocytes cannot be ruled out.
INTRODUCTION
In bone marrow (BM) transplantations, the reconstitution of the T-cell compartment by donor BM-derived progenitor cells depends on their successful colonization of the host thymus, which in turn depends on their histocompatibility with respect to the host thymus, and on the dose of BM cells inoculated (Reisner and Martelli, 1995) . For these reasons, the role of major histocompatibility complex (MHC) molecules in thymocyte development has been studied extensively (yon Boehmer, 1991; yon Kisielow and von Blackman et al., 1990) . Recent experimental studies (Eren et al., 1989; Sharp et al., 1991 Sharp et al., , 1995 Fridkis-Hareli et al., 1993) suggest that, in addition to their role in selection processes, which occur relatively late in thymocyte development (in the late double positive and single positive stages), MHC molecules may also play a role in the very early *Corresponding author. Tel." 609-258-3001, Fax: 609-258-2205, E-Mail: ramit@princeton.edu. events that occur when BM-derived T-cell progenitors, which do not express the TCR or functional Tcell markers, first enter the thymus. The term "MHClinked syngeneic developmental preference (SDP)" was coined to describe the competitive advantage that syngeneic bone marrow (BM) cells have over allogeneic cells when colonizing the thymus under these conditions. ("Syngeneic" cells are defined as having the same MHC type as the thymic stroma being colonized, and "allogeneic" cells are defined as having a different MHC type from the thymic stroma.) In the present study, we use mathematical modeling of thymocyte dynamics to screen hypotheses concerning possible mechanisms underlying this phenomenon.
Thymocyte development begins with the seeding of progenitor cells onto specialized "seeding niches" in the thymic cortex. Our in vitro studies examined the ability of syngeneic and allogeneic BM cells to colonize lymphoid-depleted fetal thymuses (FT) . Allogeneic BM cells on their own were found to be capable of reconstituting the FT to similar levels as syngeneic BM cells. However, when allogeneic BM cells were mixed (at a 1:1 ratio) with syngeneic BM cells, a developmental preference of the syngeneic BM cells was observed: More than 80% of the developing thymocytes originated from the syngeneic BM (Eren et al., 1989; Sharp et al., 1991) . Genetic mapping experiments (Eren et al., 1989) suggested that the MHC class II (I-E and I-A) region may be important in determining SDP; hence, we refer to this phenomenon as " MHC-linked." Experiments of sequential seeding, in which BM cells from one source were seeded first, and 24 hr later cells from another source were added to the culture and incubated for two additional days, show that the major impact of MHC-linked competition was related to events occurring in the first 24 hr of seeding (Sharp et al., 1991)--an earlier stage than previously described for the involvement of MHC molecules in selection processes in the thymus.
Further studies were aimed at identifying the cells involved in the induction of SDP (Sharp et al., 1995 Fig. 1 . The newly seeded cell compartment is considered separately from the rest of thymocyte development for two reasons. First, the behavior of cells in this compartment is indeed different from that of later thymocytes: They compete not on all thymic resources, but on specific "seeding niches," the number of which is limited (=100) Mehr et al., 1994) . Second (c) We assume that cells of all compartments except the newly seeded cell compartment compete for space and resources within the thymus (Metcalf, 1963 (Eren et al., 1989; Sharp et al., 1991 Sharp et al., , 1995 . Cells were seeded on the FT, as described in the text, and then the FT were cultured for 11 days, after which the resulting thymocytes were harvested. When PBL were used, they were In contrast to this prediction, in the experiments, the results are not symmetric, unless there are no mature T cells present. Table I shows the range of values from several experiments (Eren et al., 1989; Sharp et al., 1995) . Unseparated BM, which contain up to 10% mature T cells, were seeded in all three protocols (Table I, (Eren et al., 1990; Mehr et al., 1993 Mehr et al., , 1994 . Simulating the experiments of competitive seeding in which there were initially no mature T cells in the BM enabled us to check our choice of parameters, and determine the values of K, e,, e,, and #g. In order to obtain a total number of cells similar to . The numbers were appropriately modified when the seeding of Thyl-BM cells was simulated. The type of simulation is denoted as follows. T-: Thyl-BM. P+: PBL were added; P-no PBL were added. The protocol of seeding is denoted as "C", "S--A" and so forth and the values of the seeding rates are nonzero only in the first 72 hr of seeding. These simulations included situations that were not examined experimentally, that is, sequential seeding of Thyl-depleted cells.
that obtained in the experiments, we chose the maximum value to be K 1.5 105 cells, which is reasonable for fetal thymuses after 10-11 days in organ culture, and a small death rate for growing cells, pg 10 -2 h-1. Larger values for/, (e.g., 10-1 h -1) result in total cell numbers that are orders of magnitude smaP.er than the experimental data. To achieve an even finer fit to experimental results, we chose E. 0 and e, -0.013, which provide the slight advantage syngeneic cells have in these conditions. Simulations using these parameters gave "nearly symmetrical" results, which are reported here both in terms of cell numbers and of RR (Table III) .
Cell numbers and RR. in the first three rows in Table III (Mehr et al., 1993 (Mehr et al., , 1995 that events in the seeding stage largely determine the outcome of thymic colonization. Under the same assumptions that lead to the best retrieval of experimental results, the model generates the prediction that allogeneic mature T cells will have a smaller effect than syngeneic mature T cells. This is in line with the conclusions of the unseparated BM seeding experiments, including sequential seeding experiments (Sharp et al., 1991) .
DISCUSSION
The goal of this study was to determine the most plausible mechanisms underlying the phenomenon of MHC-linked syngeneic developmental preference (SDP), that is, the advantage that syngeneic bone marrow (BM) cells have over allogeneic cells when colonizing the thymus under competitive conditions (Eren et al., 1989; Sharp et al., 1991 Sharp et al., , 1995 FridkisHareli et al., 1993) . Our strategy was to use mathematical modeling to screen various hypotheses that could explain MHC-linked SDP. We aimed at constructing the simplest mathematical model that incorporates our present knowledge concerning thymocyte development. Using various parameter combinations, we modeled the following alternative hypotheses: (a) Mature T cells in the thymus interact with thymocytes only through competition for the thymic stroma. This hypothesis takes an "ecological" view of the thymus as an environment in which thymic subpopulations are competing for limited resources. A similar view was used to show the role of competitive exclusion in the development of B-cell Freitas et al., 1995) and T-cell (DeBoer and Perelson, 1994) repertoires. In our case, however, we do not expect competitive exclusion, but rather that the system would approach a steady state in which thymic subpopulations are all present, because these subpopulations are in subsequent compartments in one differentiation pathway. (b) Mature T cells interfere with the seeding of all types of progenitor cells onto the thymus, based on the finding that early events in the seeding stage are crucial in determining thymic output (Sharp et al., 1990; Mehr et al., 1994 Mehr et al., , 1995 , and that allogeneic mature T cells have a weaker effect than syngeneic mature T cells. (c) Syngeneic mature T cells interfere with thymocyte proliferation, or equivalently enhance thymocyte death; these effects are more pronounced when the progenitors are of allogeneic origin. This hypothesis was suggested by the observation that total cell numbers are mostly affected by cell proliferation following seeding (Mehr et al., 1996b) .
Hypothesis (a) was not able to explain either the relative reconstitution ratios or the cell-number reductions observed in experiments with PBL (Table I) . Hypothesis (b) was sufficient to explain the relative reconstitution ratios but not the cell-number reductions, and hypothesis (c) was sufficient to explain both observations. In simulations of sequential seeding experiments, competition in the newly seeded cell compartment was found to be crucial, and thus we cannot exclude the possibility that mature cells also negatively affect progenitor-cell seeding. However, (Fernandez-Botran et al., 1988; Gajewski and Fitch, 1988) . The activity of functional T cells in the thymus should be monitored in order to examine this possibility.
In order to elucidate the mechanisms further, it is important to determine the exact identity of the mature T cells that induce MHC-linked syngeneic preference. So far, they have been identified as CD3+Thyl (Sharp et al., 1995) . Experiments in which only CD4+CD8 or only CD4-CD8 were added to the FT-BM cocultures have recently been performed using syngeneic combinations (FridkisHareli et al., 1994) . The combination of these experiments and mathematical analysis of their results (Mehr et al., 1996a (Mehr et al., , 1996b The relevance of these findings for HIV pathogenesis was also studied (Mehr and Perelson, 1997 (Hirokawa et al., 1989) . In the neonate, the cells that reenter may be resting or activated T cells (Surh et al., 1993) , whereas in the adult, reentry seems to be restricted to activated T cells (Fink et al., 1984; Agus et al., 1991) , especially when the thymus is infected (Gossmann et al., 1991) . Our results suggest that the presence of mature T cells in the thymus, whether these cells derive from thymocytes or peripheral T cells, has significance in the regulation of thymocyte development.
APPENDIX: DETAILS OF THE MATHEMATICAL MODEL
We first derive the equations of our model for a onecell population. Competition for seeding niches ) is expressed by a crowding term (1 N Kn), which multiplies both the seeding and prolifera- hr). In particular, the population that is seeded first has a significant advantage (Figure 3a and 3b 
